In-situ prepared MoO 3 thin layer has been introduced to suppress the formation of too thick Mo(S,Se) 2 layer in Cu 2 ZnSnS x Se 4-x (CZTSSe) solar cells. This MoO 3 layer effectively improves the back interfacial contact between CZTSSe absorber layer and Mo substrate without poisoning the carrier transport. Up to 10.58% power conversion efficiency has been achieved.
INTRODUCTION
Kesterite Cu 2 ZnSnS x Se 4-x (CZTSSe) is a kind of new generation solar cell absorber material, which has similar crystal structure to chalcopyrite Cu(In,Ga)Se 2 (CIGS). Recently, CZTSSe has received much attention due to its high absorption coefficient (higher than 10 4 cm −1 ), adjustable bandgap (1.0-1.5 eV) and well matching to solar spectrum [1, 2] . Typically, elements in this material are abundant in earth and environmentally friendly, which is suitable for high-efficiency, low-cost and stable solar cells [3] [4] [5] [6] . CZTSSe solar cells have similar structure with CIGS solar cells, with molybdenum (Mo) metal back electrode. A high temperature selenization in the fabrication of CZTSSe absorber layer results in a Mo(S,Se) 2 layer between CZTSSe absorber layer and Mo electrode. Appropriate thickness of Mo(S,Se) 2 can form ohmic contact with CZTSSe to promote an adhesion between the absorber layer and the Mo substrate and thus be favorable for the cell performance. However, too thick Mo(S,Se) 2 layer would raise a series resistance (R S ) in the solar cell to impede the carrier transport [7, 8] . In addition, CZTSSe absorber layer reacts with Mo substrate at high temperatures, leading to the phase decomposition of CZTSSe [9] . Therefore, the modification of the back contact interface is essential to improving the performance of solar cells.
Much attention has been paid to improving the back contact interface. Zhang et al. [10] prepared a temporary dense alloy layer for CZTSe solar cells by sputtering deposition, which effectively suppressed the formation of MoSe 2 . Guha et al. [11] introduced a TiN diffusion barrier between CZTSe and Mo to suppress the formation of MoSe 2 , which gave the CZTSe solar cell with the efficiency of 8.9% and long photon-generated carrier lifetimes. Liu et al. [12] Mo electrodes of~800 nm thickness on the SLG were cleaned with ethanol before pre-annealing. Then, the clean Mo substrate was annealed in a rapid thermal processing (RTP) furnace under the synthetic air flow. The gas flow rate was maintained at 60 sccm and the pressure in the chamber was kept at a normal pressure. Here, three annealing temperatures (350, 400 and 450°C) were adopted, and the annealing time was 15 min. And the products were labeled as 350-Mo, 400-Mo and 450-Mo, respectively.
The CZTSSe absorber was prepared as our previous work [12, 13] . Briefly, 0.1400 g CuO, 0.0977 g ZnO and 0.1347 g SnO were dissolved into a mixed solvent composed of 4 mL 2-methoxyethanol, 2 mL ethanolamine and 1.2 mL thioglycolic acid. A clear yellow precursor solution was obtained after 120 min stirring. CZTS precursor films were prepared by spin-coating the precursor solution on the Mo or annealed Mo substrates at 3,000 rpm and followed by an annealing process at 330°C on a hot plate for 2 min in a N 2 -filled glovebox. The spin-coating step was repeated five times to give a desired thickness. CZTSSe absorber was obtained by selenization in the RTP furnace. Especially, the CZTS precursor film and 1.0 g Se particles were put into a quasi-closed graphite box, and then annealed at 540°C for 15 min under N 2 flow (10 5 Pa).
CZTSSe solar cells were fabricated with the structure of SLG/Mo/CZTSSe/CdS/ZnO/ITO/Ag. A 50 nm-thickness CdS buffer layer was deposited onto the CZTSSe absorber by the chemical bath deposition (CBD), followed by the radio frequency (RF) sputtering of 50 nm ZnO and 250 nm ITO as the window layer. Finally, a Ag grid was deposited by thermal evaporation at 10 −7 Torr.
X-ray diffraction (XRD) patterns of as-prepared samples were collected by an X-ray diffractometer with Cu Kα line as the radiation source (Empyrean, PANaltcal). The morphologies of as-prepared films and devices were observed by a scanning electron microscope (S4800-SEM, Hitachi). The square resistances of the substrates were measured by a four-probe resistivity tester (RTS-9, Probes Tech). Some MoO 3 on annealed Mo substrates was etched with concentrated ammonia, and then its thickness was measured by a profiler (P-6, KLA Tech). Current density-voltage (J-V) characteristics of the cells were collected on Keithley 2400 SourceMeter under AM1.5G illumination (1,000 W m 
RESULTS AND DISCUSSION
Untreated Mo substrates are argenteous under white light LED illumination. After being annealed in the air, the surface color of Mo substrates changes a lot. The Mo substrate treated at 350°C (350-Mo) is isabelline with metallic luster, blue with metallic luster for 400-Mo samples, and gray without metallic luster for 450-Mo samples. It is known that Mo reacts with oxygen at high temperatures to produce molybdenum oxide (MoO x ) where x is dependent on the oxygen amount in the reaction. At low oxygen content, MoO 2 is the main product [13] , while MoO 3 is obtained under sufficient oxygen [14] . MoO 2 do not react with acids or bases, whereas MoO 3 is easily soluble in acids and bases. Here, we dribbled concentrated ammonia on the 450-Mo substrate, and found that the gray layer on the substrate surface rapidly dissolved to give argenteous Mo layer. Similar phenomena are also observed for 350-Mo and 400-Mo samples, suggesting that MoO 3 is formed on the Mo surface after being annealed. Top-view SEM images of Mo substrates before and after annealing (Fig. 1a-d) show the wedged grains at the surface of the untreated Mo substrate, while the annealed Mo substrate presents elliptical grains. As the annealing temperature increases, the grain sizes increase from tens of nanometers to hundreds of nanometers. In Fig. 1e The surface crystal structure of the annealed Mo substrates was investigated by grazing incidence XRD. The grazing incidence uses an angle of 0.5°to detect the information of the substrate surface. In Fig. 2 3 thickness is important for high-efficiency devices because it strongly affects the carrier transport [16] . Table 1 CZTSSe absorber layers were spin-coated on the four substrates [17, 18] . No obvious difference is observed in the morphologies of the precursor film and the CZTSSe crystal film on different substrates. According to XRD patterns of CZTSSe absorber layer on different substrates in Fig. 3a , there is no significant difference in the (112) peak of CZTSSe phase and the crystallinity of CZTSSe films on the annealed Mo substrates. For the untreated Mo substrate, XRD pattern in the range of 30-34°c orresponding to Mo(S,Se) 2 is found. However, it is not found for annealed Mo substrate samples (Fig. 3b) . Obviously, the MoO 3 layer derived from high temperature pre-annealing process effectively blocks the formation of Mo(S,Se) 2 [19] .
Cross-sectional SEM images of CZTSSe solar cells on the different Mo substrates are given in Fig. 4 . The morphologies of CZTSSe absorber layers on different substrates are similar, which are divided into two layers, the upper large-crystal layer and the bottom small-grain layer. A Mo(S,Se) 2 layer in the untreated Mo substrate has the thickness of~535 nm (Fig. 4a) . The Mo thickness of 350-Mo and 400-Mo samples is~830 nm, close to untreated Mo glass (Fig. 4e) . And no obvious MoO 3 layer can be found, suggesting that the as-prepared MoO 3 thin layer converts into Mo(S,Se) 2 . For 450-Mo substrate, however, the thickness of the Mo layer does not obviously change before and after the selenization, and no obvious Mo(S,Se) 2 or MoO 3 thin layers are found either, as shown in Fig. 1e and 4e . A thick small-grain layer between the CZTSSe crystal layer and the Mo substrate suggests that there may be some Mo(S,Se) 2 with a small amount of unreacted MoO 3 at the bottom of the CZTSSe fine grain layer, because too thick MoO 3 layer is not completely converted to Mo(S,Se) 2 in the selenization process. However, it is too hard to accurately estimate the Mo(S, Se) 2 and MoO 3 thickness. This phenomenon further confirms that this in-situ prepared MoO 3 layer indeed acts as the interfacial blocking layer to impede the formation of Mo(S,Se) 2 . CZTSSe solar cells were further assembled with the structure of SLG/Mo/CZTSSe/CdS/ZnO/ITO/Ag to investigate the effect of different Mo substrates on the cell performance. As shown in Fig. 5a and Table 2 , the 350-Mo substrate shows the champion efficiency of 10.58% with a short-circuit current density (J SC ) of 36.09 mA cm −2 , an open circuit voltage (V OC ) of 447.75 mV and a fill factor (FF) of 65.4%, while the device efficiency based on the total area is 9.40%. Besides, the average efficiency of the devices based on 350-Mo substrates is 6.3% higher than that of the control group, while the average photoelectric conversion efficiency (PCE) of CZTSSe solar cells on 400-Mo and 450-Mo substrates decreases. And external quantum efficiency (EQE) spectra of CZTSSe solar cells based on 350-Mo and untreated Mo substrates are also shown in the inset of Fig. 5a . PCEs, J SC , V OC and FF of six solar cells on each substrate (Fig. 5b-e) statistically show that the different cell performance mainly results from the FF because high R S leads to low FF. In Fig. 5f , the average R S of the devices on 350-Mo substrates is about 1.92 Ω, lower than 2.38 Ω of untreated Mo samples, in accordance with the cell performance. This also verifies that MoO 3 on the 350-Mo substrate effectively suppresses the formation of Mo(S,Se) 2 without poisoning the carrier transport and collection. However, compared with R S of the untreated and 350-Mo substrates, R S of the solar cells on 400-Mo and 450-Mo substrates further increase and thus result in poor FF of the devices. In addition, the slight increase of V OC of 350-Mo sample suggests that the MoO 3 with a suitable thickness also reduces the interface recombination and improves V OC [20] . However, too thick MoO 3 layer on the 400-Mo and 450-Mo substrates hinders carrier transport and collection, and even becomes interfacial recombination centers, thus reducing V OC . In terms of the overall performance, the optimal preannealing temperature is 350°C.
CONCLUSIONS
A thin MoO 3 layer is introduced between Mo substrate and CZTSSe absorber film by in-situ pre-annealing the Mo substrate in air to suppress the formation of too thick Mo(S,Se) 2 layer during high-temperature selenization. With the increase of treatment temperature, the MoO 3 grains and the film thickness gradually increase. At optimal annealing temperature of 350°C, the CZTSSe thin film solar cell presents the efficiency of 10.58%. The MoO 3 layer with appropriate thickness not only effectively suppresses the formation of Mo(S,Se) 2 , but also enhances the back interfacial contact without impeding the carrier transport and collection. 
